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Abstract

High energy consumption, rapid increase in its demand and depletion of energy resources in the world are compelling the
researchers for exploration of renewable energy resources in order to attain sustain development of nations. Many existing
resources are being used to fulfil the current requirements. But these existing resources are also causing serious environmental
pollution which is a very serious concern of the current era. Therefore, there is an immense need to think and produce envi-
ronment friendly and sustainable renewable energy resources. Water, being abundant on Earth, is one of the most suitable
sources of hydrogen energy. In this work the splitting of water and hydrogen production by different techniques, specially
the promising photocatalysis technique, are discussed in detail. The water splitting and hydrogen production depend upon
the properties of photocatalysts which rose from the nature, composition and other factors of photocatalysts. Therefore, this
study discussed different materials like metal oxides, metal sulphides, nanocomposites, etc. which are used for photocatalytic
hydrogen production. In addition, the pros and cons of the utilized materials are discussed to select the best class of materi-
als for hydrogen production from water splitting. This review will help the beginners of this field to understand the basic
mechanisms of different hydrogen production techniques along with their advantages and disadvantages. However, it will
also help the field experts and industrialists to select the best class of materials for hydrogen evolution from water splitting.
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1 Introduction and Renewable Energy
Resources
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Researchers have designed many alternate methods for
energy production such as hydropower, wind power, geother-
mal, etc. But these alternative methods have many practical
limitations which reduced their efficiency and applicability.
Energy produced by wind power is very unreliable which leads
the difficulty to manage power systems [7, 8]. Hydropower is
also an advanced energy source with practical experience of
over 100 years, but, this method has also practical limitations
regarding high cost of dams construction [9]. This method
has space for more improvement by decreasing surround-
ing effects, refining operation, and designing more efficient
and low cost technological solutions [10, 11]. Geothermal
energy is a continuous renewable energy source which uses
heat energy of earth interior and hitched due to high cost of
development and maintenance. It has negative environmental
influence such as polluted air emission, polluting airways and
subsidence [11-13]. Another renewable energy resource is the
solar energy which is considered as most promising candi-
date to replace the fossil fuels. Solar energy also leads us to
attain clean, sustainable and environment friendly fuel and it
is estimated that only 0.01% solar energy conversion can be
sufficient to overcome the whole world’s energy crisis. The
solar cells can be a good source for solar energy conversion,
but, lesser energy storage capacity and low efficiency limited
their use [14, 15]. Due to practical difficulties of all renewable
energy sources, water splitting for hydrogen production has
been recognized as a most suitable renewable energy resource.

2 Water Splitting and Hydrogen Production

Hydrogen is considered to be storable and clean energy
source for the future [16—18]. The main advantages of using
hydrogen as a fuel includes no reliance on fossil fuels, loca-
tion independence, less area requirement, harmless prod-
ucts, safe, economical, clean and environment friendly fuel
[19, 20]. Therefore, recently, a great attention is paid on
the finding of different methods for hydrogen production
which is being considered most suitable renewable energy
resource [21]. Among all hydrogen production methods,
the water splitting is gaining immense consideration from
the researchers as the most promising method of hydrogen
production. Water splitting and different methods of water
splitting are explained in the preceding sections along with
their pros and cons. Furthermore, the mechanism of water
splitting, suitable materials for improving efficiency of water
splitting and hence hydrogen production is also discussed.

3 Water Splitting

Water is one of the most plentiful, cheap and unlimited
material on the Earth which can act as clean and environ-
ment friendly source. Therefore, water splitting is one of
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the most favorable source for hydrogen production and a
renewable energy resource [22-24].

3.1 Thermochemical Water Splitting

Thermochemical water splitting is a method in which water
is allowed to heat at a high temperature and resulting in
hydrogen and oxygen after the decomposition of water. The
high temperature up to 2500 °C is required to turns Gibbs
function at zero and hydrogen gets separated from the mix-
ture. This is called single stage water decomposition and is
explained in Eq. 1 [24].

2H,0 — 2H, + O, (T > 2500°C) (1)

High energy is required for this process which cannot
be obtained by using conventional and sustainable energy
sources. Therefore, a different mechanism was developed to
reduce the decomposition temperature of water. The mecha-
nism involves multiple stages, each stage requires lesser tem-
perature and hence overall temperature is decreased, how-
ever, efficiency is increased. For example, the decomposition
of water by tin oxide is represented by Eqs. 2-3 [24].

Sn0O,(s) = SnO(g) + 0.50, (T = 1600°C) 2)

SnO(s) + Hy0(g) — SnO,(s) + Hy() (T = 550°C)  (3)

After passing through different cycles, the temperature
is decreased but still high temperature is required for the
multi-stage process which is obtained from solar or nuclear
energy. Figure 1 illustrates the thermochemical water split-
ting based on solar light. The main advantage of using this
method is that there is no release of greenhouse gases, but,
toxicity of elements being used and high cost requirements
are the drawbacks of this method [25].

3.2 Photo-Biological Water Splitting

Photo-biological water splitting can be categorized into two
major groups, organic photolysis and water photolysis, on
the basis of reaction mechanism, resulting products and reac-
tant organisms. Organic photolysis is capable of degrading
organic waste-materials and production of high yield hydro-
gen, but, hazardous byproducts such as CO, (environment
pollutant) limited this method. Water photolysis is consid-
ered as clean and environment friendly reaction as compared
to organic photolysis. This method is further categorized
in two approaches: direct and indirect water splitting. In
direct approach, water is splitted into hydrogen and oxygen
through photosynthesis as shown in Fig. 2. The obtained
hydrogen ions are then converted into gaseous form by using
hydrogenase enzymes. The enzymes are sensitive to oxygen;
therefore, low content of oxygen should be maintained. The
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Fig. 1 Schematic diagram of
thermochemical process
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Fig.2 Schematic diagram of direct photolysis

direct water photolysis using green algae is represented in
Eq. 4 [24]. The cost of direct photolysis is too high which is
the downside of this approach [24, 26, 27].

2H,0 + lightenergy — 2H, + O, 4)

In indirect photolysis, cyanobacteria or blue-green
algae is used for hydrogen production from water which
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is explained in Eqgs. 5 and 6. The schematic representation
of indirect bio-photolysis is shown in Fig. 3 [28]. In this
approach, hydrogen is produced through hydrogenase and
nitrogenase enzymes [29]. The efficiency of both indirect
and direct photolysis is comparable but the cost of indirect
approach is quite less than direct approach [24].

The shortcomings of using photo-biological water split-
ting are (i) need of large reactor volume (ii) high cost of raw
materials (iii) low hydrogen rates and production and (iv) no
waste utilization [30].

3.3 High Temperature Electrolysis Water Splitting

In high temperature electrolysis, water (in the form of steam) is
disassociated into hydrogen and oxygen at a high temperature
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Cell Material

Fermentation
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of 700-1000 °C. The process is completed in an electrochemi-
cal cell consisting of cathode, anode and electrolyte. After dis-
association, the hydrogen and oxygen are obtained at negative
and positive electrodes, respectively. The chemical reactions
that occur on cathode and anode are described in Eqs. 7 and
8 [31-33].

At cathode : H,0+2¢™ — H, + 0%~ )

Atanode : O* — %02 + 2e” (8

As the temperature is increased, the efficiency of the
method also increases as compare to electrolysis at room
temperature. Heat is transferred to the system either by using
steam or ultimately using thermal energy which reduces the
need of electrical energy. Another benefit of this method is the
probability of meeting the zero greenhouse gas emission rates
which is the clean source for heating the objects externally.
But the major drawback of high temperature electrolysis is the
requirement of high temperature. This requirement restricts the
components to fulfill specific needs. Other challenges which
have to be met to increase the efficiency of hydrogen produc-
tion using this method include (i) developing an electrolyte
with high chemical stability which can have low electrical and
high ionic conductivity, (ii) designing the materials which can
be chemically stable to the extent to bear the high temperatures
and (iii) high porosity of the material [34, 35].

3.4 Photo Electrolysis Water Splitting

Photo electrolysis is a process in which electrodes are exposed
to external radiations in compliment with heterogeneous pho-
tocatalyst on each or either of the two electrodes. Therefore,
chemical energy is produced from these electrical and photonic
energies. The hydrogen production from this method can be
summarized as (i) a photon having enough energy is allowed
to produce electron hole pair, (ii) electrical current is pro-
duced (by the movement of electron form anode to cathode),
(iii) water is splitted into H* and O, (iv) gaseous hydrogen
is formed at cathode by reduction of proton and (v) resulting
gases are separated, processed and stored. The schematic dia-
gram of complete process is represented in Fig. 4. The whole
reaction in photo electrolysis is summarized in Eqs. 9-11 [24].

Anode : 2p* +H,0 - 0.50, + 2H* 9)
Cathode : 2¢” +2H* - H, (10)
Overall : H,O — H, +0.50, (11)

The efficiency of this process depends upon the crys-
tallinity of electrode, corrosion resistance, reactivity and
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Fig.4 Schematic diagram of photo electrolysis water splitting

adsorbent material. The disadvantages of using photo elec-
trolysis process are stability of photo electrode and low effi-
ciency of hydrogen production. Moreover, if the efficiency
is increased, stability will be compromised and vice versa
[34, 36].

3.5 Photocatalytic Water Splitting

Solar energy is freely and endlessly available clean source
of energy which can assist to meet present and future energy
needs. Thus, the key point here is to harness energy into
usable energy. One of the best way to store this energy is
photocatalysis which stores energy in the form of chemical
fuel [37]. Hence, photocatalysis is defined as a process in
which photo catalyst responses to visible light illumination
and is vastly used for water splitting and hence hydrogen
production. [38]. In addition, this method is also a source
for oxygen, CO, and CH,, which are also the fuels for other
energy production methods. There are two schemes for the
photocatalytic water splitting known as one-step excitation
mechanism and the two-step excitation mechanism [39].

In one-step photo-excitation mechanism, photo catalyst is
activated under visible light which has appropriate potential
to decompose water into O, and H, as represented in Fig. 5.
The photocatalyst should own the properties such as smaller
band gap to produce visible photons, stability and thermo-
dynamic potential for water splitting.

It is much hard to fulfill all the necessities in a material
which halt the utility of this mechanism [40, 41]. There-
fore, the requirements can be met by another approach
i.e. two steps photo-excitation system. This method has
resemblance with the “natural photosynthesis process” and
is known as Z-scheme, as shown in Fig. 6. A wide-ranging
availability of visible light and possibility of split-up of
evolved the hydrogen and oxygen leads this scheme to be
applicable and more successful than one step photo-exci-
tation [42, 43]. When the light of energy equals or more
than the band gap energy of photocatalyst is allowed to
fall, electron excitation occurs from valance band (VB)
to the conduction band (CB), leaving holes in VB. The
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Fig.5 Illustration of one-step photo-excitation system

process results in reduction and oxidation and is illustrated
in Egs. 12 and 13 [44]. For water splitting, the top of the
VB must be more positive than the oxidation potential
required for reduction from H,O to O, and the bottom of
the CB must be more negative than the reduction potential
of H* to hydrogen molecule, therefore, minimum photon
energy required for the overall reaction is 1.23 eV. But, for
the transfer of electron between the molecules of photo-
catalysts and water, there exist an activation barrier, which
needs energy greater than the band gap energy in order to
perform photocatalytic water splitting [44, 45].
At PS 1 (Photosystem):

H,O + 2H" + reduction — 2H, + oxidation (12)
At PS 2 (Photosystem):
H,O0 + oxidation — O, + 2H* + reduction (13)

The absence of fossil fuels and no production of carbon
dioxide or any other kind of by products are the compre-
hensions of using photocatalytic water splitting for hydro-
gen production [46, 47].

Fig. 6 Illustration of two-step
photo excitation system

The comparison for all the available methods for water
splitting refers that each process has its pros and cons. The
barrier in the progress of high temperature electrolysis is the
stability of catalysts at high temperature. The electrolysis has
high probability of side reactions rather than the generation
of original product. Thermochemical process enriches toxic
effects and high cost. Biological water splitting has disad-
vantage of large amount of waste products whose reusability
is also an issue. In photocatalytic water splitting the effi-
ciency is not high. But the study of literature reveals that this
problem can be overcome by fabricating suitable photocata-
lysts [48]. But, the major advantage of his process is absence
of any kind of by product. Additionally, photocatalytic water
splitting, being low cost and clean source of water splitting,
represents a more attractive process for water splitting [15].

The semiconductor materials are the promising materi-
als with required band gap, therefore, are widely used as
photocatalysts [49]. In semiconductor photocatalysis, elec-
tronic structure of photocatalyst has crucial importance, con-
sists of lower energy band known as VB and higher energy
band known as CB. The gap between CB and VB is called
energy band gap, usually under normal condition, electrons
reside in VB. When electron gains energy by external source
(applying potential across semiconductor or provide thermal
energy) it jumps from VB to the CB. In case of semiconduc-
tor photocatalyst, external energy is provided by means of
visible light illumination. When electron jumps from valance
to conduction band, leaves a hole behind and both act like
the charge carriers. These electron—hole pair takes part in
oxidation and reduction reactions. The complete mechanism
for TiO, is expressed in Eq. 14 [50].

TiO, — hvey,, + h:lt-ioz (14)

The photo-generated charge carriers (i.e. electrons and
holes) take part in oxidation and reduction reaction which
has important role in whole photocatalytic process for

PS-2 [0,] PS-1[H,]
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hydrogen production or other beneficial applications. For

hydrogen production, CB should be at much negative poten-

tial (==2) and VB should be more positive (== ) for profi-
H,0 H,0

cient O, evolution as shown in Fig. 7 below.

4 Hydrogen Production from Photocatalytic
Water Splitting

Hydrogen produced from the photocatalytic water splitting
plays an important role for the most sustainable renewable
energy source [51, 52] because it can be stored, transported
easily and converted in electrical energy efficiently. The effi-
ciency of the process can be enhanced by tuning the prop-
erties of photocatalysts. The step of excitation and adsorp-
tion depends upon the electrical and structural properties of
material, the defects and the co-catalysts. The defect in the
structure act as recombination centers which decreases the
crystallinity and hence reduces the efficiency. The activity
of photocatalysts can be intensified by introducing solid co-
catalyst. The co-catalysts are deposited on the surface of
photocatalyst having size less than 50 nm and are responsi-
ble for production of active sites and initiate the hydrogen
evolution because most of the photocatalysts don’t have abil-
ity to activate hydrogen on the surface. Hence, designing
the surface as well as bulk properties are necessary for the
efficient performance of photocatalysts. The other properties

A
Energy H2
levels
TiO, Conduction
Band H,0
e
Eva/mao =t
I 1.23eV
Eoa/ta0 = hv
&
ht H,0
TiO, Valance band

Fig. 7 Photocatalytic water splitting for hydrogen and oxygen evolu-
tion by TiO,
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[53] which influence the efficiency of the process are shown
in Fig. 8. Therefore, detailed mechanism of photocatalytic
water splitting and performance of different materials
including semiconductors, nanocomposites, nano-catalysts
and 2D materials is explained in the preceding section.

4.1 Mechanism of Photocatalytic Water Splitting

Photocatalysis is a chemical process in which light is
allowed to fall on the surface of photocatalyst which results
in the production of hydrogen from water (Fig. 9a) [55, 56],
conversion of solar light into electrical energy (Fig. 9b) [57,
58], degradation of organic pollutants (Fig. 9¢) [59, 60]
and reduction of carbon dioxide in organic fuels (Fig. 9d)
[61-63]. In photocatalytic water splitting, redox reactions
(i.e. oxidation and reduction process to form hydrogen and
oxygen) occur on the surface of photocatalyst. This pro-
cess begins when light is irradiated on the photon absorber
(photocatalyst) which results in the creation of an exciton.
This results in the separation of electron hole pair which
get diffused on the interface. This leads to the transfer of
electrons and hole into the reduction and oxidation reaction
sites and finally the oxygen and hydrogen is evolved there
[64—66]. This process is considered the most sustainable and
potential method for meeting the energy needs/crisis [67].
But, in practical implementation, there are two constraints
in applying this process. Firstly, photon energy (hv) should
be higher than the band gap energy of catalyst; secondly,
reactants should have redox potential between bottom of
the conduction (BCB) and top of the valance band (TVB)
of photocatalyst. First limitation suggests that the band gap

suitable
bandgap

long life
cycle and
stable

corrosion
resistant

earth
abundant

Fig. 8 Parameters influencing the photocatalysts [54]
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should be small enough to enhance utilization of solar light
(but many photocatalysts have band gap in ultraviolet (UV)
region which means that band gap is large). The second
constraint is opposite to first which implies that BCB band
must be more negative and TVB must be more positive for
the efficient oxidation and reduction process. This implies
that band gap should be larger, and this will lead to deficient
in light absorption. Hence, this process is not suitable for
efficient water splitting.

Therefore, another method known as Z-scheme which is
based on the natural phenomena of photosynthesis is used
for photocatalytic water splitting [69]. The schematic dia-
gram of Z scheme in the form of natural photosynthesis is
shown in Fig. 10. The light is allowed to fall on the photo-
catalyst which excites the electron from highest occupied

Fig. 10 Z-Scheme photocata-
lytic process in natural photo-
synthesis [68]

Oxygen evolving complex
(PS 11)

N -
0y

Oxidation site

molecular orbital (HOMO) (photosystem II) to lowest unoc-
cupied molecular orbital (LUMO). The electron moves
towards photosystem I (PS I) using electron mediator. These
electrons in PS T get excited from HOMO to LUMO and
reduces carbon dioxide. The holes present in HOMO pho-
tosystem II (PS II) oxidize the water and show high rate
oxidation and reduction in PS II and PS I, respectively, and
hence richer redox reactions ability. Resultantly, it can be
concluded that Z-scheme results in the enhancement of light
absorption by combining two band gaps of smaller widths.

In artificial Z scheme, the electron mediator is in the
form of paired acceptor/donor (A/D). Figure 11 illustrates
the Z-Scheme photocatalytic process in the form of accep-
tor and donor. There is no physical connection between
both photosystems (PS I and PS II). The redox reaction

Ferredoxin-NAPD reductase
(PST)

Solar light

\
Electron
mediator
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of paired A/D occurs in the form of electron transfer from
the CB of PS II to the VB of PS I. The complete reaction
is given in Eqgs. 15 and 16 [68].

A+e” — D(CBof PSII) (15)

D+h* > A(VB of PST) (16)

In first step, the absorption of photogenerated electron
from the conduction band of PS II results in the reduction
of accepted electron into the donor electron. In second
step, the oxidization of resulted donor electron converts
into the electron acceptor by photogenerated hole from
valance band of PS I. Finally, the holes generated in val-
ance band of PS II and electron generated in conduc-
tion band of PS I performs the process of oxidation and
reduction respectively [42, 44]. Moreover, the acceptor
and donor electrons can also combine with the electrons
generated in the CB of PS I and generated holes in the
valance band of PS II and are expressed in Eqgs. 17 and
18 [68].

A+e — D(CBofPST) (17)

D+h* > A(VB of PS II) (18)

The efficiency of photocatalytic water splitting can be
enhanced by tuning the properties of photocatalysts. The
properties which influence the efficiency of photocata-
lytic activity are shown in Fig. 8 and are summarized as;
Firstly, bandgap of photocatalyst should be comparable
with incident light. Secondly, it should be wide enough
to avoid recombination rate which limits our application.
Thirdly, photo catalyst or hybrid junction photocatalyst
should be synthesized in such a way that bandgap should
be narrow enough to respond under larger wavelengths of
solar light spectrum [70, 71].

Fig. 11 Tllustration of z-scheme
photocatalysis for artificial
photosynthesis [68]

Oxidation
reaction

.

4.2 Hydrogen Production Using Semiconducting
Materials/Photocatalytic Water Splitting Using
Semiconducting Materials

Now a days, hydrogen production using the semiconductor
materials is considered to be the most emerging [72] and
ideal process for direct solar energy conversion. In hydrogen
production, different semiconductor materials are used as
photocatalyst which differ from each other in their energy
bandgap. The process depends upon the excitation of the
electrons and hence bandgap of the catalyst. The bandgap
of a photocatalyst is the difference between the highest
occupied band VB and lowest CB for the electrons. When
suitable light is incident on the photocatalyst, electrons are
excited, the excited electrons are combined with bulk or
surface causing the energy loss in the form of heat, there
is redox reaction of water due to the electrons and holes
produced from light, and as a result hydrogen and oxygen
is produced [73]. The whole process is illustrated in Fig. 12
below.

There are enormous semiconductors including metal
oxides and sulphides, which have been used for the purpose
of hydrogen production. Some of the metal oxides and sul-
phides with their efficiency and other important factors are
explained below.

4.2.1 Metal Oxide Photocatalysts

Metal oxides are one of the suitable classes of materials
which can be used as a photocatalysts because of their pos-
sessions like morphology, high surface area, morphology,
band gap etc. [74, 75]. Therefore, many metal oxides are
being used as photocatalyst for hydrogen production. Among
metal oxides, TiO, is widely used photocatalyst for water
splitting and hence hydrogen production [48]. In photocata-
lytic process, TiO, is allowed to excite by shining it with
light. The energy of light photons should be equal or more
than materials bandgap energy. The incident light excites the
electron from VB to CB and leaves a hole behind resulting

Reduction
reaction

.

Oxidation sifé I
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Fig. 12 Hydrogen production
using semiconductor materials
(73]

in generation of electron—hole pair and the electron—hole
pairs may recombine. The efficient photocatalyst utilizes
these holes and electrons in reaction rather than recombina-
tion. The process become more effective when a metal is
introduced which traps the excited electron from the CB and
transfer them to the hydrogen ions [76].

Although TiO, fulfills many of the good photocatalyst
conditions, but still has the drawbacks to become a universal
photocatalyst. Firstly, the recombination of electrons in CB
occurs with holes in VB and energy is utilized in the form
of unwanted heat. Secondly, there is a greater probability of
reverse reaction due to decomposition of hydrogen and oxy-
gen. Thirdly, the bandgap of titanium dioxide is 3.2 eV due
to which it can only response to the UV-light which is only
4% of the spectrum, whereas the visible light contains 50%
of spectrum. Therefore, due to these reasons, the efficiency
of TiO, is not much high and is still limited for the solar
light. There are enormous metal oxides which were reported
as a photocatalysts for hydrogen production and some of
these are enlisted in Table 1 with their quantum efficiency
and other important factors.

Hence, there are large numbers of metal oxides which
have been synthesized with different methods, sizes and
morphologies [109, 110]. It is concluded that the properties
of metal oxides materials can be tuned by changing these
properties but still there is a need of investigating other
types of materials which can provide oxidation of organic
substrates under visible light [111] to increase the quantum
efficiency of photocatalysts.

4.2.2 Metal Sulphides Photocatalysts

In past few decades, there are many reports on sulphides
based metal catalysts with different sacrificial reagents.
From all, some of the metal sulphides catalysts are enlisted
in Table 2. According to Zhang and Guo, the metal sul-
phides are the most suitable photocatalysts for hydrogen
production because of their high conduction band position

(b)
E/V vs. NHE | pH=0
@ e e —& f,

1 E%(H'/H,)
.

H,0
Y
I E%(0,/H,0)
B h h* ", O, -y

and potential comparable to water potential for hydrogen
production. In addition, the metal sulphides have better
response under sunlight as compared to the oxides. It is
reported that there are more than thirty sulphides materials
that can be used as catalysts for hydrogen production. The
overview confirmed that all these sulphides photocatalysts
comprise of metal cations having d'° configuration and are
shown in Fig. 13.

It is notable that the conduction band of these materi-
als is made up of d and sp orbitals and the valence bands
relate to the 3p orbitals. The difference between both
bands is O 2p orbitals. The configuration shows that CB
has enough negative potential to reduce water into hydro-
gen and narrower the bandgap to visible solar spectrum.

According to the genealogy in Fig. 14, sulphides
catalysts are grouped according to the composition and
formulation of material like IIB-VIA, IIB-IIIA, TA-IIIA
and IB-IIB-IVA-VIA sulphides photocatalysts. All these
photocatalyst are considered as the different types of zinc
blend structure by substituting the IIB atoms with other
metals. However, due to the substitution of different metal-
lic elements, the symmetry of the resulting crystal struc-
ture is reduced. This is the reason that tetragonal crystal
systems are represented in sulphides such as chalcopyrite
structure and stannite structures and its symmetry is vis-
ibly lower than the cubic systems [73, 112].

Metal sulphides can be the promising photocatalysts
but photo-corrosion is the key issue on the way to their
high performance [113]. Therefore, sacrificial reagents
are required that can provide photogenerated electrons
to consume photogenerated holes to avoid anodic photo-
corrosion. But this cannot be the eventual solution for the
stability of metal sulphides photocatalysts [112]. This
problem requires the designing of appropriate z-scheme
heterojunction so that photo corrosion can be prevented.
Moreover the charge transfer route and photocatalytic
mechanism of these materials is not well explained [114].
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Table 1 Metal oxides for photocatalytic water-splitting for hydrogen production

Photocatalyst Synthesis method Mass (g) Incident light Efficiency/quantum yield Hydrogen produc- References
tion pmolh™! g~!
TiO,:Ga Solvothermal method 1.5 Pyrex filter 20.86 [77]
TiO,:Ni Hydrothermal method 0.3 Pyrex filter 566.7 [78]
TiO,:Sc Hydrolysis, calcination 0.1 Pyrex filter 7500 [79]
TiO,:Pr Hydrolysis, calcination 0.1 Pyrex filter 6600 [79]
TiO,:Sn/Eu Polyol method 0.2 Quartz filter 40.4 92 [80]
TiO,/CuO Impregnation method 1 Quartz filter 18,500 [81-83]
SrTiO4/TiO, Solid state reaction 0.1 560 [84]
B/Ti oxide Sol-gel method 0.3 Quartz filter 73 [85, 86]
Sr;Ti,0; Polymerized complex method 1 Quartz filter 144 [87]
Sr,Ti504, Polymerized complex method 1 Quartz filter 4.5 at 360 nm 170 [88]
Rb, sLa,Ti, sNb,s0,, Solid state reaction 1 Quartz filter 725 [89]
Rb,La,Ti;0 Solid state reaction 1 Quartz filter 5 at 330 nm 869 [89]
KaLaZr, 5Ti,,0, Two step on exchange reaction 0.3 Quartz filter 12.5 766.7 [90]
La,CaTisO, Solid state reaction 1 Quartz filter 20 at less than 320 nm 499 [91]
BaLa,Ti,O5 Polymerized complex method 0.5 Quartz filter 15 at 270 nm 4600 [92]
Y,Ti,0, Polymerized complex method 0.5 Quartz filter 6 at 313 nm 2000 [93-95]
Cs,Ti,05 Solid state reaction 1 Quartz filter 500 [96]
Zr,(PO,)PVX, Hydrothermal method 0.025 <320 nm 4 at less than 320 nm 267.8 [97]
BasNb,0,5 Polymerized complex method 0.5 Quartz filter 17 at 270 nm 8042 [92, 98]
H,LaNb,0;:In Solid-state reaction 1 >290 nm 1.54 at less than 290 nm 5268 [99]
NaTaO; Solid state reaction 1 Quartz filter 56 at 270 nm 19,800 [100, 101]
SrTa,Oq Solid state reaction 1 Quartz filter 7 at 270 nm 960 [102, 103]
Sr,Ta,0, Polymerized complex method 0.7 Quartz filter 24 at 270 nm 5024 [104-107]
K,Sr, sTa;0, Solid state reaction 0.5 Pyrex filter 2 at 252.5 nm 200 [108]

4.2.3 Co-catalyst

The enhancement of photocatalytic water splitting can be
done in different ways. Among all, one method is the surface
modification by loading metals or metal oxides nanoparticles
[115]. These loaded metals or metal oxide nanoparticles are
known as co-catalysts [116]. The effect of different noble
metal co-catalysts on photocatalytic activities of CdS pow-
ders have been examined [117]. It was reported that Pt and
Rh™ doped cadmium sulphides showed much better activi-
ties. The reber and his co-workers testified a chain of nota-
ble hydrogen production efficiencies which are about 34%,
25% and 16% in S>*"/H,PO,~, $>7/S0;>~ and Na,S aqueous
solutions, respectively, at temperature of 60 °C. Borgarello
and his co-workers [76] placed small amounts of ruthenium
dioxide (RuO,) on CdS to result a high quantum yield of H,
(i.e. 35%) due to hole transfer from VB of CdS to sulphides
solution. Tungsten carbide as co-catalyst (platinum like
material) was also described to entertain as an outstanding
co-catalyst for photocatalytic H, production for CdS under
visible light [112].

Recently, different compounds of transition metals, gener-
ally metal sulphides, are proven to be outstanding co-catalysts
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for photocatalytic hydrogen evolution particularly CdS. Zong
et al. studied the significance CdS loaded by the MoS, on
photocatalytic activity. The activity of MoS,/CdS was more
than those of CdS when loaded with different noble metals
due to the activation energy of hydrogen of MoS,. Zhang and
his co-workers prepared active NiS/CdS photocatalyst as an
innovative catalyst using hydrothermal method and reported
51.3% high quantum efficiency in lactic acid-sacrificial solu-
tion under 420 nm light irradiation. Additionally, the most
promising accomplishment was completed by H. J. Yan and
C. Li to describe the about the natural photosynthesis with
93% quantum efficiency under 420 nm light irradiation. Fur-
ther, CdS particles were decorated with PdS and Pt to act as
oxidation and reduction co-catalysts, respectively, as shown in
Fig. 15. Other various co-catalysts used for hydrogen produc-
tion are enlisted in Table 2 along with their quantum efficiency,
hydrogen production and other parameters.

4.3 Hydrogen Production Using Nano-catalyst
Materials

Hydrogen production from water splitting is a technique
which utilizes energy of wind, oceans, sun or waves



Journal of Inorganic and Organometallic Polymers and Materials

Table 2 Various metal sulphides and co-catalysts for photocatalytic water splitting/hydrogen production

Photocatalyst Mass (g) Incident light Co-catalyst Quantum Morphology Synthesis Activity References
(nm) yield (%) method (umolg™!
hh
CdS 0.1 uv Pt Particles Precipitation 6000 [119]
method
CdS 0.1 > 420 wC Particles Hydrothermal 1350 [120]
CdS 0.5 > 420 Pt 19.7 Particles Poly inorganic 7856 [121]
solid-state
reaction
method
CdS 0.05 > 420 Pt 139 Nanorods Solvothermal 4603.2 [122]
method
CdS/Alumina 2 Complete Impregnation ~ 180.8 [123]
spectrum method
CdS/Alumina 2 Complete Impregnation 41.3 [124]
spectrum method
CdS/Ag,S 0.1 Complete Pt Nanosheets + Nanorods  Two-step 874 [125]
spectrum precipitation
method
CdS/MgO 0.5 Complete Pt Particles Etching 290 [126]
spectrum method
CdS/LaMnO; 0.1 >420 Particles Reverse 595 [127]
Micelle
method
CdS/MoO; > 400 28.82 at Core (MoOj), Shell Sonochem- 5250 [128]
420 nm (CdS) istry
CdS/TiO, 0.1 > 450 Pt 13.4 Sol-Gel 8.4 [129]
at>450 nm method
CdS/TiO, 0.1 > 420 Pt Particles (TiO, Two step 4224 [130]
nano + CdS bulk) method
CdS/TiO, 0.1 420 Pt Particles Precipitation/ 6400 [131]
sol—gel
method
CdS/TiO, NTs 0.15 > 420 Pt 43.3 at Nanoparticles and Ultrasonic 2680 [132]
420 nm Nanotubes stirring
method
CdS/ZnO 0.2 RuO, Coreshell nanorods A teo step 6200 [133]
method
CdZnS 0.1 <400 2.17 at UV Particles Co-precipita- 16,320 [134]
tion method
CdS/Zeolite > 330 ZnS Ion Exchange 2455 [135]
and sulfida-
tion
CdS-ZnO-CdO 0.2 Visible light Ru Coreshell nanorods Sequential 75 [133]
precipitation
method
Cd, sZn, 5S 0.1 > 420 Pt Hydrothermal 350 [136]
method
Cd0y ;Zny sS-CNT  0.05 > 420 79at40nm  Particles Hydrothermal 1563.2 [137]
method
CdS.ZnS > 400 1.86 at ZnS coated CdS ZnS pre- [138]
404 nm cipitated on
CdS
CdS.ZnS 0.0413  Sunlight Coprecipita-  2283.9 [139]
tion method
CdS/ZnS/n-Si 0.1 Coprecipita-  1584.8 [140]

tion method
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Table 2 (continued)

Photocatalyst Mass (g) Incident light Co-catalyst Quantum Morphology Synthesis Activity References
(nm) yield (%) method (umolg™!
hh
ZnIn,S, 0.1 Visible light Nanosheets made up of CPBr assisted ~ 766.8 [141]
flowerlike micro- hydrother-
spheres mal method
Znln,S, 0.2 > 430 Pt 18.4 at Microspheres with Hydrothermal — 562.25 [142]
420 nm some petals method
ZnIn,S;MWCNTs 0.1 > 420 233 at Flower like micro- Facile hydro- 6840 [143]
420 nm spheres made up of thermal
many interleaving method
flakes
Badoped CdZnS 0.2 > 430 17.4 at Nanoparticles Thermal 700 [144]
425 nm sulfurication
method
CdIn,S, 0.5 > 420 Microspheres made up ~ Surfactant 6476 [145]
of nanopetals assisted
hydrother-
mal method
CdIn,S, 0.5 > 420 17.1 at Microspheres made 6960 [146]
500 nm up of nanopetals and
nanotubes
AgGaS, 0.1 > 420 Pt Particles Coprecipita- 3000 [147]
tion and
annealing
method
AglnsSq 0.3 > 420 Pt 5.3 at Coprecipita- 133.3 [148]
411.2 nm tion and
heat treat-
ment
Copper doped ZnS 0.2 Overall spec- Shell structure particles Sulfidation 210 [149]
trum and ion
exchange
CuGasS; 0.05 > 420 Rh 1.3 at 420- Particles Coprecipita- 800 [150]
NiS 520 nm tion and 1000
Pt heat treated 3000
method

[151-154]. The hydrogen production from water splitting
in a sustainable way requires an artificial photosynthetic sys-
tem and cheap, stable, environment friendly and efficient
catalyst in order to oxidize water [155—158]. In nature, the
only system available for catalyzing water oxidation is water
oxidizing complex (WOC) of PSII in which WOC consists
of Mn,O5Ca cluster and PSII having a protein environment
which manage the movement of protons, access water and
reaction coordinates.

The structure of manganese-calcium cluster at atomic
resolution was reported by Shen et al. which is presented
in Fig. 16. The structure contains one calcium and four
manganese clusters linked with five oxygen atoms. It is
also clear that the structure has four water-molecules
among which two molecules support the water oxidation
[159-161]. Furthermore, manganese complexes are used
as catalysts for oxygen evolution. In 1987, Kaneko et al.
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described the adsorption of di-nuclear complex on kaolin
clay surface as catalyst for water oxidation. In solution the
Manganese Schiff base complex used as biomimetic cata-
lyst for oxygen producing complex. Gobi et al. described
the oxidation of water by manganese schiff base complexes
in the presence of cerium. They also reported on the ligand
(NO,, Br) electron withdrawing substituent boosted the
reactivity of the complexes towards oxygen production
[162].

Mn,OsCa cluster has a dimension approximately equal to
0.5 nm exhibited good structural and functional properties
and is used in PS-II model. Moreover, as to be nano catalyst
showed high surface area and hence high active sites on the
surface and acts as water oxidizing catalyst. Dehydrogena-
tion for the production of ultra-pure H, with some contami-
nation is produced in fuel cell by Pt as catalyst. The reaction
mechanism is shown in Eqgs. 19-20 [162].
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Fig. 14 Genealogy of sulphides photocatalysts [112]

HCOOH — H, + CO, where, AG = —48.4kJ/mol  (19) The homogeneous catalysts were used for decomposition
of formic acid but are limited in device fabrication. There-

fore, attention is paid on the fabrication of practical hetero-
geneous catalysts that can exhibit enhanced activity under
ambient conditions. The performance of these catalysts is

HCOOH — H,0 + CO where, AG = —28.5 kJ/mol  (20)
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Fig. 15 a Apparent quantum yield. b Change transmission mecha-
nism during photocatalytic reaction [112, 118]

also limited due to severe reaction conditions. Afterwards,
the attention was focused to “Raisins” which have excep-
tional properties including the hydrophobic or hydrophilic
characteristics and can easily introduce range of fundamen-
tal groups and their capability to swell in a reaction. For
commercial use, the Pd nano-catalysts can be prepared from
resins available commercially like Haas, Rohm, Amberlite,
etc. [163]. The palladium supported resins were expected to
show high activity and are shown in Table 3.

4.4 Hydrogen Production Using Nanocomposite
Materials

Metal oxide nanomaterials being highly stable, less toxic and
cheap are of great importance [164, 165]. The major utili-
zation of these materials is in photocatalytic process where
solar energy is consumed to split the water for Hydrogen
energy production. In photocatalytic process, the key factor
is the band gap and the mostly metal oxides are only acti-
vated under UV light which is a small fraction of the solar
spectrum. On the other hand, some other metal oxides have
suitable energy bandgap for effective absorption in solar
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Fig. 16 a The Mn,O;Ca cluster in Photosystem II, b manganese cal-
cium cluster whereas ribbons denotes the surrounding proteins [162]

spectrum, but, have smaller diffusion lengths and hence
are inefficient for photocatalytic activity. Therefore, there
is immense need of the metal oxides which can be efficient
under visible light and can also have suitable bandgaps. To
fulfill this need, great attention is paid on the fabrication of
metal oxide nanocomposites which are expected potential
solution, hence, a variety of nanocomposites are being fab-
ricated and are being performing the task [166].

One of the most suitable composite materials is tita-
nium dioxide and carbon nanotubes (TiO,/CNTs) in which
electrons are transferred to CNTs and holes stayed on TiO,
which avoids and reduces the recombination. This composite
also has high surface to volume ratio which increases the
adsorption rate and hence can be used as photosensitizers.
Additionally, the bonding between titanium, oxygen and car-
bon also supports the photocatalytic mechanism. Further-
more, carbon nanotubes are found to be effective for con-
trolling the morphology of titanium dioxide nanoparticles.

A 2D carbon nanosheet, named as graphene, possesses
unique properties because of its large surface area (practi-
cally up to 2600 m?/g), mobile charge carriers and excellent
mechanical strength [167-169]. Kamat et al. [170] studied
the photocatalytic activity of graphene and reported that
when electrons from TiO, are transferred to graphene oxide,
convert it into reduced graphene oxide (RGO). Another
research group claimed that TiO, (P25)-RGO compos-
ites are highly efficient for photocatalytic activity and can
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Table 3 Textural properties of palladium supported resins [163]

Catalyst Mixture Functional group Exchange capacity Property Water absorption  Average Hydrogen
(meq/mL) capacity (%) size (mm)  Production
umol
Pd/mixture 1 200CTNa SO;H Greater than 1.8 Highly acidic 46 to 51 5.1 16
Pd/mixture 2 FPC3500 COOH Greater than 2.0 Weakly acidic 60 to 70 2.1 22
Pd/mixture 3 IRA96SB NMe, Greater than 1.3 Weakly basic 57 to 63 1.7 96
Pd/mixture 4 TRA900JCI NMe,Cl Greater than 1.0 Highly basic 56 to 66 5.8 40

degrade methylene blue efficiently. Cui and his co-workers
claimed that if TiO, —-RGO composite is prepared using
sol-gel method in the solution where Na,S and Na,SO; are
surface agents, the hydrogen production occurs and the for-
mation rate is doubled or even more i.e. 8.6 umolh™' com-
pared to 4.5 umolh~! with P25. A comparison of P25 and
its composite materials in the presence of methanol aque-
ous solution for the hydrogen evolution process is shown in
Fig. 17a. It was also showed that hydrothermal method is the
most preferred method whereas the hydrazine is least one
as shown in Fig. 17b. Furthermore, it can be concluded that
RGO based composite material is more suitable for hydro-
gen evolution among all these composites.

Another example of composite material used for hydro-
gen production is CdS—GO. The physical and chemical
properties of GO (graphene oxide) make it quite suita-
ble to be coupled with CdS for improved efficiency. The
hydrogen evolution occurs because the lowest energy

state of GO’s conduction band is higher than the energy
required for the hydrogen evolution process, but can be
further enhanced by using a co-catalyst. Li et al. used CdS
cluster decorated with graphene and loaded with 0.5 wt%
Pt (co-catalyst) as photocatalyst for hydrogen production.
An apparent quantum yield of 22.5% was obtained with
visible light of wavelength 420 nm. Different methods
were used for preparation of this composite material.
Another study revealed that CdS coupled with differ-
ent carbonaceous materials not only act as supporting
material and electrons acceptor, but, it is also a low cost
efficient co-catalyst for hydrogen evolution [172]. The
technique used for the preparation of nanocomposite was
facile precipitation. Visible light with sacrificial agents
Na,S or Na,SO; were utilized. It was also noticed that
there is increase in the photocatalytic activity of CdS-GO
as compared to the bared CdS under visible light and the
evolution rate was measured to be 314 umolh~!. Hence,
it can is evident that the composite material can be used
as a cheap, efficient and abundant photocatalysts for the
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Fig. 17 a A comparison between the photocatalytic activity of P25, P25-CNT (with different mass ratios) and P25-RGO (with different mass
ratio). b Photocatalytic performances of P25-RGO-hydrothermal series for the evolution of H, [171]
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hydrogen evolution process [172]. Some other examples
of nanocomposites used for hydrogen production activity
are enlisted in Table 4.

4.5 Hydrogen Production by Using 2D Materials

Recently, Transition Metal Dichalcogenides (TMDs) have
gained a lot of attention because of their large surface area,
various surface states and tunable electrical properties
[185] i.e. two dimensional (2D) thin sheets of the atomic
size. The 2D structure of TMDs exhibits the unique physi-
cal, chemical and mechanical properties [186] and hence
makes them suitable for use in electronics and optoelec-
tronic devices [187, 188]. Many semiconducting materi-
als like MoX, or WX, (X=Se, S, etc.) have their band
gaps near to UV light and can be tuned to visible range on
the basis of their atomic layers thickness [189, 190]. As
the thickness of molybdenum disulfide’s (MoS,) layer is
decreased, there is red or blue shift depending on wave-
number which can be elucidated on the basis of van der
Waal interactions among different planes [190]. This leads
to the change of indirect band gap of MoS, from 1.29 eV
to 1.90 eV whereas only 0.1 eV of change in direct band
gap occurs. As a consequence of this behavior, the band

Table 4 Various nanocomposites for hydrogen production

undergoes a crossover from indirect band gap to direct
bandgap [191]. For a material of thickness less than 1 nm,
the sunlight spectrum absorption is 10% which is stronger
than any commonly used semiconductors [192].

It is reported that MoS, is a suitable material as a pho-
tocatalyst in Hydro-Desulfurization (HDS) reactions. The
results showed that adsorption occur at the edges of TMDs.
The photocatalytic activity strongly depends on the adsorp-
tion energy (AGy:) which directly affects the reactivity as
shown in Fig. 18. A catalytic reaction is efficient when the
interaction of catalysts and reactants is neither too strong nor
too weak. If AGy- is strong then desorption and conversion
will be slow which tends to poison the surface of chemical.
On the other hand, if free energy is high then the reaction is
rate limited by adsorption of reactant due to inefficient bind-
ing. The theoretical calculations performed by Hinnemann
and his co-workers revealed that MoS, can be a promis-
ing catalyst for hydrogen evolution reaction [193]. Similar
results were also presented by electrochemical calculations
on graphite based MoS, particles.

The calculation of free energy of adsorption revealed
that best edge configuration of Mo occurred for 50% S
(AG==0.06 eV) as compared to 100% S (AGy:=—0.45¢eV)
[195]. Furthermore, different experiments also showed that

Photocatalyst Synthesis method Morphology Incident light  Efficiency/  Hydrogen pro- References
quantum duction pmolh™!
yield g
GO-TiO, Two step oxidations Core—shell structure UV-irradiation 50 pmolh~! [173]
ZnS—Graphene oxide Two-step wet chemistry 2D sheet and micrometer Visible light [174]
process sized wrinkles
(RGO)-Zn,; 4Cd, ,S Co-precipitation- Nanoparticles Visible light 23.4 1824 [175]
hydrothermal reduction
strategy
(Ru/SrTiO5:Rh)-(PRGO/ Chemical reduction Visible light 4.8 pmol [176]
BiVO,) process
CdS-Ag,S Microwave assisted sol- ~ Nanosheets and Nano- Visible light 375.6 [177]
vothermal method and particles
ion exchange strategy
CuS/TiO, Hydrothermal and solu-  Nanoflakes and Nano- Visible light 1262 [178]
tion based process spindles
(rGO/InVO,-TiO,) Hydrothermal process Nanoparticles UV- irradiation 1669 pmolh™! [179]
Au/TiO, One-step process TiO, network with uv [180]
embedded gold nano-
particles
Znln,S,@NH,-MIL- Solvothermal method Nanosheets Visible light 43 2204.2 pmol g7 [181]
125(Ti)
ZnO/CoMoO, Refluxing and calcination Nano fringes uv [182]
process
(gCN/M/AgW/AgBr) Co-deposition Nanosheets and Nano- Visible light [183]
particles
CdS/TiO, Electrospinning and Nanofibers Visible light [184]

Photo-deposition
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Fig. 18 Hydrogen adsorption on 2D TMDs [194]

MoS, as a catalyst can perform the reaction with materi-
als below than noble metals as shown in Fig. 19. Hence, to
enhance the catalytic activity of the materials, the conduct-
ing edges should be increased. It has also been proved that
edge sites perform more fast electrochemical reaction than
basal planes [196].

Some other suitable materials for catalytic activities are
sulfur and selenium based TMDs where similar behavior,
as mention above, is expected for these materials. There
are two main factors for electrocatalysis: catalytic activity
and stability of active sites. The stability directly depends
upon the AGy_y of H-X (X =S or Se) as the desorption
becomes favorable at AGy_y > 0. The relation between
energy of hydrogen adsorption and AGy_y is inverse and
when AGy_y > 0 there is a less stable catalyst and strong
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hydrogen binding occurs (AGy+ < 0). Tsai and his co-work-
ers calculated the free energy for both hydrogen adsorption
and H-X adsorption to check the stability of edges and basal
planes of different 2D TMDs as shown in Fig. 19a. It was
observed that the stability of active basal planes of semicon-
ductor material is significantly higher than metallic TMDs. It
refers that TMDs having active basal planes (AGy- =~ 0) are
also more stable [197]. Hence, it can be concluded that basal
planes can be used for controlling the catalytic activity with
free energy of hydrogen adsorption as shown in Fig. 19b.

Some other examples of 2D materials for photocatalytic
hydrogen production with their hydrogen production effi-
ciency are enlisted in Table 5. Hence, we conclude that for
increasing the catalytic activity of TMDs, designing the 2D
TMDs structure is quite effective and useful. The promising
properties of 2D materials can be used to avoid the recombi-
nation of electron—hole pairs, to harvest sunlight efficiently
and to drive the electrons to active sites for enhancement in
catalytic reaction [194].

5 Challenges and Future Prospect

The hydrogen production efficiency in photocatalytic water
splitting majorly depends upon the properties of photo-
catalyst like low cost, suitable bandgap, stability and high
production ability. The metal oxides based photocatalysts
are widely used because of their distinctive properties for
water catalysis, but, are limited due to their band gap in UV
range (small fraction of solar spectrum) and smaller diffu-
sion lengths. The limitations are compromised by doping,
nanocomposites, co-catalysts and 2D material fabrication.
The nanocomposites are used where band gaps are tuned to
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Fig. 19 a Hydrogen adsorption for semiconducting TMDs. b In general the stronger binding of X, the greater stability of TMDs, the lower the

reactivity of TMDs, the weaker the hydrogen binding [194]
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Table 5 Some examples of 2D photocatalysts for hydrogen production

Photocatalyst Synthesis method Morphology Incident light Efficiency/quantum Hydrogen pro- References
yield duction pmolh™!
g
Ti,C and g-CsN,  Thermal process +selec- Coral like structure 47.5 ypmol h™! [198]
tive etching
CdSe-MoS, Two step chemical Nano ribbons and Visible light  9.2% at 440 nm 890 [199]
method nanosheets
WS,/CdS Impregnation and solidi- Nanoparticles and Visible light  5.0% at 420 nm 4200 [200]
fication method nanosheets
ZnS-WS,/CdS Ball milling and calcina- Particles Visible light 12,240 [201]
tion method
MoS,-CdS Hot injection method Nanohybrid Visible light 1472 [202]
Zn,,Cd,¢S/MoS, Photo assisted deposi-  Nanoparticles and Visible light 420 [203]
tion method nanosheets
MoS,/ZnIn,S, Solvothermal method Nanosheets Visible light ca.1000 [204]
In,S;/MoS,/CdS  Hydrothermal method Nanorods and nanopar-  Visible light 1563 [205]
ticles
MoS,/TiO, Bal milling Nanoparticles and 250-380 nm 753.5 [141]
Nanosheets
TiO,/1T-WS, Colloidal synthesis Nanoparticles and AM 1.5 2570 [206]
method nanosheets
TiO,/MoS,/G Hydrothermal method ~ Nanoparticles and 9.7% at 365 nm 2066 [56]
nanosheets
MoS,/G Pyrolysis Nanoparticles and 390 nm 1% at 500 nm ca. 1200 [207]
nanosheets
MoS,/RGO Hydrothermal method Sheets > 400 nm 24% at 460 nm 4190 [208]
WS,/mpg-CN Impregnation and sulfi- Mesoporous particles > 420 nm 240 [209]

dation

visible spectrum instead of UV light. Whereas, 2D materials
have gained a lot of attention because of their high catalytic
activity and low cost. The progress is made in 2D materials
where structure and thickness of layer tune the band gap of
the catalyst to visible spectra for high hydrogen production
rate. But, these materials are limited in practical applica-
tions because of aggregation produced during light exposure
which reduce the number of active sites. Currently, research
is focused on the synthesis and effect of different types of
doped, composite and layered materials. However, there
are limited investigations on improvement of mechanisms
involved in the catalytic activity for hydrogen production.
Therefore, the careful investigation on the enhancement in
mechanisms and synthesis can lead to a breakthrough in
improving the efficiency of the hydrogen production as well
as commercialization of the process.

6 Conclusion

Photocatalytic solar light driven water splitting is consid-
ered a promising technique for hydrogen production as a
renewable energy source which is also a clean, efficient and
sustainable renewable energy source. This review presents

@ Springer

the comparison of different hydrogen production methods
and the most suitable photocatalytic water splitting method.
The efficiency is restricted due to limited properties of the
photo-catalysts; therefore, researchers have paid attention to
design efficient and visible light responsive photocatalysts
to enhance solar hydrogen conversion efficiency. The limi-
tations of the widely used metal oxide based photocatalysts
are addressed by doping, co-catalysts, nanocomposites and
2D materials. Among all photo-catalysts, 2D materials are
the most emerging materials considered in experimental and
theoretical approaches. It is expected in near future that 2D
materials will pave from laboratory work to industrial scale.
The discussion about the methods and materials for water
splitting persuades that photocatalytic water splitting with
suitable photocatalysts will be the topmost priority to pro-
duce the hydrogen as fuel to meet the energy crisis in future.
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